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ABSTRACT
Based on the magnetic dipole radiation from the 3P2 neutron superfluid vortices (
3P2 NSFV)
in neutron stars, we propose a model of glitch for young pulsars by oscillation between B phase
and A phase of 3P2 Neutron superfluid. The main behavior of glitches of pulsars may be naturally
explained by our model. Our results show that the glitch is a repeat phenomena with quasi period
3P2 neutron superfluid B phase =⇒A phase =⇒B phase =⇒ many repeated glitches with quasi-
period. With repeating of the phase transition, the vortex quantum number, n, of 3P2 NSFV is
gradually reduced, and the heating rate ε(B) in B phase is also getting lower and lower. After
a number of glitches, the time intervals of successive glitch will gradually become long, and the
glitch amplitude is downward. When the heating rate ε(B) of the old neutron star becomes lower
than the cooling rate of the Direct Urca, which can happen in super strong magnetic field (Peng
et al. 2016b), the B phase of the 3P2 NSFV is no longer returned to the A phase state. The phase
oscillation of the system is stopped immediately. That means, old pulsars will no longer present
the glitch. All of these results are consistent with observations (Lyne et al. 2000). The slowing
glitch phenomenon for some older pulsars is a naturally result in our theory. The relationship
between Glitch amplitude and the stationary time interval (see Fig.2 from Middleditch et al.
(2006)) is also naturally got by our theory.
Subject headings: stars: neutron — pulsars: general — stars: evolution.
1. Introduction
1.1. Observations on glitches of pulsars
The observed pulsar rotation periods often
show that some young pulsars experience one
or more glitches (or macro jump). The regu-
lar pulse signals could be occasionally shortened
by glitches at typical amplitude of ∆Ω0/Ω0 ∼
(10−10 − 10−6). These glitches are usually ac-
companied by a spin-down effect at a much larger
rate ∆Ω˙/Ω˙ ≈ (10−3 − 10−2) (Lyne et al. 2000;
Chamel & Haensel 2008; Espinoza et al. 2011).
The archetypal glitch neutron star is the Vela
1Department of Astronomy, Nanjing University, Nan-
jing, Jiangshu 210000, China
2College of Marine Science and Technology, Hainan
Tropical Ocean University, Sanya, 572022, China. Corre-
sponding author E-mail: syjjliu68@126.com
3National Astronomical Observatory, Chinese Academy
of Sciences, Beijing, 100000, China.
pulsar, which has exhibited a regular sequence
of similar size glitches since the first observed
event in 1969. There are 478 glitches detected
among 174 pulsars up to date and 120 glitches
among them detected in eight of the glitch pulsars
are great glitches with ∆Ω0/Ω0 > 10
−6. Eleven
glitches with nine grand ones were detected from
PSR Vela during 36 years . There are also nine-
teen smaller glitches detected during 36 years from
PSR Crab with smaller magnitudes. In some pul-
sars, besides such macro glitches, there are de-
tected micro-glitches with jump amplitudes less
than 1012 in greater numbers.
The most important observational statistics of
pulsar glitch phenomena up to date are given as
follows:
(1) There is a rough tendency for both the jump
amplitude and the frequency of glitches to de-
crease with the pulse period as the pulsar ages
(Lyne et al. 2000). Up to the present no glitches
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have been detected in pulsars with periods longer
than 0.7s.
(2) Pulsar glitch phenomena is primarily con-
centrated in the group of very young pulsars with
strong magnetic fields (Lyne et al. 2000): a) The
younger the pulsars the most often the glitch, the
larger the amplitude of the glitch becomes. The
glitches are less often as the pulsars age and the
amplitude of the glitches are lowered. b) The
glitches are more often for pulsars with strong
magnetic fields. On the other hand, the glitches
are less often for pulsars with weak magnetic fields,
and the lower the amplitudes of the glitches be-
come (Lyne et al. 2004). These observational facts
can not be explained by current pulsar models.
(3) Pulsar glitches are usually of served as a
sudden change with very short time scale. How-
ever, a slow glitch with long time scale is more
than several days in 2005. These observational
facts can not be explained by current pulsar mod-
els.
(4) Middleditch et al. (2006) discovered that the
young pulsar PSR J0573-6910 in the Large Magel-
lanic Cloud (LMC), which has glitch with ampli-
tude change roughly proportional to the time sep-
aration between two successive glitches after ten
years of observation to monitor the radio pulsar
period. This observation can not be explained by
current pulsar models either.
1.2. Theoretical researches on the glitches
of pulsars
The consensus view is that these events are a
manifestation of the presence of a superfluid com-
ponent in the star’s interior (Ruderman 1969).
This idea was first put forward by Anderson &
Itoh (1975), who envisaged a glitch as a tug-of-war
between the tendency of the neutron superfluid to
match the spin down rate of the rest of the star by
expelling vortices and the impediment experienced
by the moving vortices due to pinning to crust nu-
clei. Strong vortex pinning prevents the neutron
superfluid from spinning down, creating a spin lag
with respect to the rest of the star (which is spun
down electro-magnetically). This situation cannot
persist forever. The increasing spin lag leads to a
build up in the Magnus force exerted on the vor-
tices. Above some threshold pinning can no longer
be sustained, the vortices break free and the ex-
cess angular momentum is transferred to the crust.
This leads to the observed spin-up.
The current pulsar models for the mechanism
to explain glitches are given as follows:
(1) The star quake model (Baym et al. 1969)
This model predicts that the time separation
between two successive glitches for the pulsar Vela
PSR is roughly 1000 years. This is quite different
from the observed facts of 36 years, eleven times.
(2) Vibration model of the neutron star core
(Pines et al. 1972)
In this model, glitch may appear every several
years with energy release 1045erg. The neutron
star is immediately heated to become a strong X-
ray source. However, such strong X-rays has never
been observed during or after glitch.
(3) A creep model of vortex filament by an ac-
tion of shell - superfluid coupling (Alpar et al.
1981; Andersson et al. 2003; Anderson & Itoh
1975)
Pulsar glitches are contributed to the mo-
tion of superfluid vortex lines; this lines
tend to be pinned to nuclei pf stellar crust
and sudden, large - scale creep of these lines
from one pinning site to another may be
responsible for glitches (Link et al. 1993).
In this model, the key idea is that the
roots of the superfluid vortexes slide ran-
domly in the inner shell, and occasion-
ally they are pinned to the heavy nucleus.
This model has been now regarded as the
mainstream model by most researchers con-
cerned (Haskell et al. 2015, 2016, 2017;
Haskell. 2018; Khomenko et al. 2018). In
their review paper (Haskell et al. 2016),
Haskell et al. (2016) wrote a following de-
tail comment: Anderson & Itoh (1975) sug-
gested that interactions between vortices
and ions in the NS crust can ’pin’ the
vortices and restrict their outward motion.
As long as the vortices are pinned, i.e.
stay fixed in position, the superfluid does
not spin down, storing angular momentum,
which is periodically released in glitches.
The vortex model has become the standard
picture for pulsar glitches”. ”Nevertheless
several issues still need to be resolved be-
fore the vortex picture attains the status of
a self-consistent, predictive, falsifiable the-
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ory. The trigger for vortex unpinning is
still unknown and may be due to vortex
accumulation in strong pinning areas, vor-
tex domino effects, hydro-dynamical insta-
bilities or quakes. Recent calculations have
also showed that Bragg scattering severely
limits the mobility of neutrons in the crust,
limiting the amount of angular momentum
that can be stored in the crust between
glitches. An analysis of the Vela pulsar re-
veals that in this case it is difficult to ac-
commodate the implied angular momentum
during a glitch unless the pulsar has a low
mass ≤ 1M⊙ or part of the core is involved
in the process ”(Haskell et al. 2016).
This model may be the mechanism for
the production of micro glitches of neutron
stars . But it is difficult for this model to
explain the grand glitches of Vela PSR. Be-
sides, there are too many free parameters
in this model. It is rather difficult to de-
termine all these parameters to explain a
series of observational facts of neutron star
glitches to be elaborated later.
(4) A model due to the effect of twisted neu-
tron superfluid vortex filament with proton super-
conducting flux tube (Ruderman et al. 1998).
Although this model may explain the grand
glitch (∆Ω0/Ω0 ≥ 10−6), but it contains too many
free parameters to determine, consequently, it is
also difficult for this model to explain the observed
glitches. Espinoza et al. (2011); Link (2003); Reza-
nia (2003) discovered, in view of the fact that the
pulsar spin axis does not coincide with its mag-
netic axis, the Two-component model (i.e., neu-
tron superfluid vortices tangle with proton super-
conducting magnetic tulle model) would predict
the procession of the neutron star spin axis with
periods of several seconds. Analysis of the ob-
served data for PSRB 1818-11 gives the proces-
sion period of the neutron star spin axis of the or-
der of several years. Thus, they conclude that the
neutron superfluid vortices may not coexist with
the type II proton super-conducting state (super-
conducting magnetic tube). Although it might
appear in the inner core of the neutron
star with density in the region of 2 − 3ρnuc
(Haskell et al. 2017), however, the quark
model of nuclear matter in this density re-
gion may be dominant. Therefore, Link
(2003) have series doubts about this model.
(5) Mastrano et al. (2005) investigated
Kelvin-Helmholtz instability and circula-
tion transfer at an isotropic-anisotropic su-
perfluid interface in a neutron star. By
hydrodynamic method, they suggested that
this instability may provider a trigger mech-
anism for pulsar glitches. However, further
explanations of many observed phenomena
of pulsar glitches are needed for their the-
ory.
Besides, Chamel (2014, 2016); Delsate et al.
(2016) have conducted a series of researches con-
cerning the glitch phenomenal of the Vela pulsar.
They considered the coupling of the shell with the
superfluid interior of neutron stars. They did not
investigate the mechanism for the production of
glitches of pulsars.
Up to now, we note that the physical reason for
the generation of pulsar glitches is still not clearly
understood and it is one of the most difficult puz-
zling topic in pulsar researches. In this paper,
we propose a new physical mechanism for
generating Glitch, which is completely dif-
ferent from the existing known models. The
main ideas of ours are mentioned in the ab-
stract of the paper.
This paper is organized as follows. In Section
2, we study the anisotropic 3P2 superfluid vortex
motion in neutron star interiors. In Section 3, we
summarize our researches and discuss the cooling
and heating problem in neutron star interiors. In
Section 4, we present our model and analyze the
properties of pulsar glitch. Some discussions and
conclusions are given in Section 5.
2. The anisotropic 3P2 superfluid vortex
motion in neutron star interiors
2.1. Two types of neutron superfluid
There are two types of superfluid with different
properties between the thin crust and the interior
of neutron stars. For densities 1011 < ρ(g/cm3) <
1.4× 1014, the superfluid is isotropic. The energy
gap of the Cooper pairs may reach (1-2) MeV in
the 1S0 state. The initial surface temperature of
the nascent neutron star from the gravitational
collapse of the supernovae core may reach 1011K.
In a relating short time scale the temperature is
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lowered to roughly 106K, for example, the Crab
PSR was formed in 1054 during supernovae explo-
sion. The surface temperature of the Crab has
lowered to 106K in less than a thousand year.
The interior temperature of it was estimated to
be 2.0 × 108K. When the interior temperature
is lowered critical temperature of the 1S0 state,
Tc(
1S0) = ∆(
1S0)/k ≈ 1010K (where k is the
Boltzmann constant), the isotropic neutron su-
perfluid will appear. For neutron Cooper pairs
coupled by the 1S0 wave interaction, the spins
of the two neutrons in the Cooper pair are anti-
parallel, so that the total spin of the 1S0 Cooper
pair is zero and there is no net magnetic mo-
ment. The 1S0 state is isotropic in external mag-
netic fields. The property of this state is similar
to liquid 4He (4He II) approaching near to ab-
solute zero (lower than 0.2K) in the earth’s lab-
oratories. When matter densities in the range
3.3 × 1014 < ρ(g/cm3) < 5.2 × 1014 (Note that
nuclear density ρnuc = 2.8 × 1014g/cm3), the en-
ergy gap of the Cooper pairs in the 3P2 state is
roughly 0.045Mev (Elgar et al. 1996). When the
interior temperature of neutron state is lowered to
below 2.8× 108K, the neutron fluid in this region
will become the anisotropic 3P2 superfluid after a
phase transition from the normal fluid. For neu-
tron Coupler Pairs coupled by the 3P2 wave inter-
action the spins are parallel, so that the total spin
is equal to 1 and there is equal a net magnetic is
just twice that of the neutron (abnormal magnetic
moment).
In the presence of external magnetic field, the
magnetic moment of 3P2 neutron Cooper has a
tendency to reverse the direction of the external
magnetic field (temperature thermal effect makes
the magnetic moment of the 3P2 neutron Cooper
to be chaotic (i.e., in confusion) in direction due to
thermal agitation). Consequently, the 3P2 state is
anisotropic superfluid 3P2 state. The properties of
this 3P2 state is similar to the liquid
3He for tem-
peratures approaching absolute zero in the earth’s
laboratories (lower than 0.02K).
2.2. Neutron superfluid vortex motion in
neutron stars
Rotating Superfluid are quantized to become
superfluid Vortex flow (or eddy current or whirling
fluid) (Feynman 1955) being analogous to type II
superconductivity, the neutron superfluid in the
interior of neutron stars is in a vortex state, i.e.,
there are plenty of vortex lines (vortex filament).
In general, the vortex filaments are arranged in a
systematic lattice, they are parallel to the axis of
rotation of the neutron star and as a whole they
revolve around the axis of rotation of the neutron
star almost rigidly. The circulation of each vortex
filament intensity Γ is quantized
Γ =
∮
~V · d~l = nΓ0, Γ0 = 2π~
mn
(1)
where n is a circulation quantum number of the
vertex, mn is the mass of a neutron, ~ is Planck’s
constant divided by 2π, Γ0 is the intensity of the
unit vortex quantum.
It may be supposed that the core of the su-
perfluid vortex is a cylindrical region of normal
neutron fluid immersed in the superfluid neutron
sea. As a usual, the radius of the core of the
vertex, a0, may be simply estimated as follows:
in the core of the vortex, the position uncer-
tain of the neutron is ∆x ∼ a0, the momen-
tum uncertain of the neutron is ∆p ∼ h/a0 by
the Heisenberg’s principle of uncertainty and then
the uncertain for energy of the neutron is about
∆E ∼ (∆p)2/2mn ∼ h2/(2mna20). The neutron
fluid in the core of the vortex will be in the nor-
mal state (no Cooper pairs), where the energy un-
certain of the neutron is greater than the energy
gap of the neutron superfluid (or the binding en-
ergy for the Cooper pair of neutrons) ∆E > ∆n.
Thus we have a0 ≈ h/
√
2mn∆n. For the vortexes
of isotropic neutron superfluid ∆(1S0) ≈ 2MeV,
a0 ∼ 10−12cm and for the vortexes of isotropic
neutron superfluid ∆(3P2) ≈ 0.045MeV, a0 ∼
10−11cm.
Outside the core of the vortex, neutrons are in a
superfluid state. The superfluid neutrons revolve
round the vortex line with a velocity (Feynman
1955)
vs(r) =
n~
2mnr
, (2)
where r is the distance from the axis of the vortex
filament. The distribution of the angular velocity
of neutron superfluid revolving around the vortex
filament is
ωs(r) =
n~
2mnr2
, (3)
Therefore the revolution of superfluid neutrons
around the vertex filament is placed in a differ-
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ential state. Near r ∼ a0, the angular velocity
reaches the largest value is given by
ωs,max =
n~
2mna20
, (4)
We have ωs,max(
1S0) ∼ 1021n and ωs,max(3P2) ∼
1019n. Inside the core of the vertexes (r < a0),
however, the normal neutron fluid revolves rigidly
at angular velocity of ωs,max.
According to (Feynman 1955), the number
of superfluid vertex filaments per unit area is
2Ω/nΓ0. Then the order of magnitude of the
average separation, b, between vertex filaments
and the total number, NVertice, of the superfluid
vertexes in the superfluid region are respectively
b = (
n¯~
2mnΩ
)1/2, (5)
NVertice =
2mnΩ
n¯~
R2s, (6)
where Ω is the angular velocity of rotation as a
whole, Rs is the radius of the region of the super-
fluid. n¯ is the circulation quantum number of each
vortex filament on the average.
It is generally believed that the circulation
quantum number of each vortex filament for liq-
uid 4He and 3He in the Earth’s low temperature
is very low, even in the lowest basic state n = 1
for thermal dynamical equilibrium. However, the
interior of the nascent neutron star must be in
a turbulent vortex state. This is because that
neutron stars originated from the collapsed super-
novae core during violent supernovae explosion in
a very short time less than 10 seconds and it is
hard to transport the rotational angular momen-
tum of the collapsed supernovae core outwards. It
not only rotates fast (but its angular velocity can-
not exceed the critical angular velocity to maintain
neutron star stability) but also store considerable
part of the stellar angular momentum in the vio-
lent turbulent state of the neutron fluid (Peng et al
1980; Peng et al. 1982). The classical circulation
of vortex filaments intensity (Γ) may be very large.
As the interior temperature of the neutron star is
lowered to below the critical temperature of the
isotropic superfluid 1S0 state and the anisotropic
superfluid 3P2 state respectively, the
1S0 state is
isotropic while the 3P2 state becomes anisotropic.
At this time, the violent classical turbulent vortex
state with very large vortex quantum number. We
expect that for very young pulsars, the quantum
number n in Eq. (2) may reach above 102 − 104.
In the anisotropic superfluid region of neutron
Cooper pairs. Every 3P2 Cooper pairs consist
two neutrons with parallel spins so that the net
spin of the 3P2 Cooper pair is equal to 1. Ev-
ery pair possesses abnormal (anomalous) magnetic
moment with magnitude twice as that of the neu-
tron (µn). The total number of neutrons contained
in the Cooper pairs in the 3P2 anisotropic super-
fluid in neutron stars is 8.7% of the total of neu-
trons number in that region (Peng et al. 2016a).
At high temperatures with µnB/kT ≪ 1, in the
presence of external magnetic fields, the direction
of the magnetic moments of the Cooper pairs in
the anisotropic 3P2 neutron superfluid region is
very chaotic almost reaching the equal probability
state (ESP). The anisotropic superfluid state at
this time is called phase A. Here µn is the mag-
netic moment of neutron, T the interior temper-
ature, k is the Boltzmann constant and B is the
external magnetic field strength.
When there exists possible elective cooling pro-
cess in neutron state, the temperature of the
anisotropic 3P2 superfluid region may be lowered
to below the Curie temperature (µnB/kT ≫ 1)
the majority moments of the 3P2 Cooper pairs are
spontaneously arranged in the same direction as
the external strong magnetic field (similar to the
formation of magnetic domains in the low tem-
perature laboratories). This anisotropic superfluid
state is called phase B. The phase A and B in the
anisotropic superfluid in neutron stars are simi-
lar to the those of in the anisotropic superfluid
3He in low temperature laboratories near absolute
zero (T < 0.02K). But the phase B of the 3P2
neutron superfluid possesses very strong magnetic
fields and the effective magnetic moments of the
3P2 Cooper pairs are also very strong (Peng et
al. 2016a,b). According to the theory proposed in
our works (Peng et al 1980; Peng et al. 1982), the
magnetic moments of the 3P2 Cooper pairs can
emit very strong magnetic dipole radiation as the
neutron Cooper rotate around the axis of the su-
perfluid vortex . This radiation may be considered
as an effective heating mechanism in neutron star
interiors. Our present paper is just based on this
idea.
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3. Our researches on neutron stars and the
cooling and heating problem in neutron
star interiors
3.1. Our researches on neutron stars
We proposed a theory in 1982 (Peng et al.
1982) that the neutrino radiation by neutron su-
perfluid vortexes of neutron stars is a decisive fac-
tor for spin down of pulsars with longer period
(P > 1.0s) and the rate of spin down, P˙ , is propor-
tional to P 2(P˙ ∝ P 2), which was repeatedly
supported by statistical works of pulsars
from Malov. (1985, 1987, 2001). It is also
confirmed by the recent observed (P − P˙ )
diagram of pulsars (ATNF Pulsar Cata-
logue, 2016 see Fig.1), (we can see the link
of http://www.atnf.csiro.au/research /pul-
sar/psrcat/) and which deviates seriously from
the model of magnetic dipole radiation with the
relation P˙ ∝ P−1 (the standard model). The
observed pulsar (P − P˙ ) diagram (ATNF Pulsar
Catalogue, 2016) is not only supporting the spin
down mechanism by the neutrino radiation from
neutron superfluid vortexes of neutron stars, but
also is supporting the idea of existence for neutron
superfluid vortexes of neutron stars. Therefore, it
is also in favor of our another paper (Huang et
al. 1982) in which we proposed a pulsar heating
mechanism by magnetic dipole radiation from the
anisotropic 3P2 neutron superfluid vortex (after-
wards 3P2 MDRA). In that paper, however, we
calculated only the heating rate in lower magnetic
field when µnB ≪ kT . In present paper, we will
recalculate the heating rate with two different case
of lower magnetic field and stronger magnetic field
when µnB ≫ kT .
In the last decade we have studied the origin
of the strong magnetic fields of neutron stars and
the origin of the super strong magnetic fields of
the magnetars (Peng et al. 2006, 2007). We have
systematically considered the properties of mag-
netars such as the physics of the high X-ray lumi-
nosity in terms of principles and methods of con-
densed matter physics (Peng et al. 2016a,b). We
have also investigated weak interaction rates and
neutrino energy loss in magnetars (Liu 2013, 2014,
2015; Liu et al. 2017a,b,c, 2018a,b).
The magnetic fields of most pulsars are 1011 −
1013 Gauss with typical magnetic field strength
1012 Gauss. The average magnetic field of the sun
is one gauss, and the upper half main sequence
stars of large mass do not have surface convection,
their magnetic fields are not very strong except the
Ap stars. The collapse of the central region of stars
of large mass during supernova explosion can only
produce magnetic fields of 109 − 1011 Gauss. In
other words, the primary magnetic fields (or the
fossil magnetic fields) of neutron star produced by
the collapse of the central core during supernova
explosion (because the conservative of magnetic
induction flux) cannot reach 1012−1013 Gauss. It
is even more difficult to obtain magnetic fields of
strength 1014 − 1015 Gauss, of the magnetars dis-
covered by astronomical observations during the
last decades. Some authors suggested that mag-
netars may still originals from neutron stars due to
the core collapse during supernova explosion. i.e.
there may already exist very strong magnetic fields
in massive stars even before the collapse of the
central core. It seems that there are no convinc-
ing observation evidence to support this theory.
How to produce the strong pulsar magnetic field?
This is a very interesting and important question
to astrophysics and astronomers. We make use
the methods of the very famous theory in con-
densed matter physics to study and discuss the
origin of the strong pulsar magnetic fields. Sim-
ilar to the production of the induction magnetic
gas in metals in the presence of external magnetic
fields, we found that the Pauli Spin paramagnetic
effect of the extreme relativity degenerate electron
gas in neutron star interiors can amplify the fos-
sil magnetic field B(0) (109 − 1011 Gauss) (which
was originated from the central collapse of super-
nova explosion) by a factor of 90. The resulting
magnetic field may thus reach (1012−1013) Gauss
(Peng et al. 2007).
About the physical origin of the super strong
magnetic fields of the magnetars, we have already
discussed the Pauli spin paramagnetic effect of the
extreme relativistic degenerate electron gas (Peng
et al. 2007, 2016a). The main idea is that the mag-
netic moment of the 3P2 Cooper pairs in the pres-
ence of the external strong magnetic fields which
are already amplified through the Pauli spin para-
magnetic effect, may also show some paramagnetic
effect . This is similar to the theory of magnetic
domain in condensed matter physics. When the
interior temperature is lowered to below the Curie
temperature ((1 − 2) × 107K), the magnetic mo-
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ments of most of the 3P2 Cooper pairs are spon-
taneously aligned in the same direction and lead-
ing to super-strong magnetic fields of the magnetic
(Peng et al. 2016a). Of course, larger is the mass of
the 3P2 anisotropic superfluid, stronger the mag-
netic field.
Since the discovery of pulsars in 1967, almost
all the theoretical discussion concerning pulsar
physics quoted the density of state for a relativis-
tic electron gas in strong magnetic fields from the
popular statistical mechanics text books by Kubo
(1965); Pathria (1972). Canuto & Chiu (1971);
Haensel et al. (2007); Lai (2001); Lai & Shapiro
(1991)) discussed the state equation of electron gas
and the properties of magnetars in super-strong
magnetic fields in detail. However, their theoret-
ical investigations are not able to explain the as-
tronomical observations such as the mechanism for
the production of high X-ray luminosity in mag-
netars.
We also discussed the properties of magnetars
and the mechanism for the production of high X-
ray. Firstly, in the presence of super strong mag-
netic fields (B > Bcr, Bcr = 4.414× 1013G is Lan-
dau critical magnetic field), the Fermi energy of
the election gas increases with the magnetic field
strength (Peng et al. 2016b)
EF(e) = 42.9(
B
Bcr
)1/4 MeV. (7)
From Eq. (7), we may have two important con-
clusions (Peng et al. 2016b) as follows. Firstly,
the mechanism to generate high X-ray luminosity
of magnetar can be naturally explained. Secondly,
direct Urca (hereafter DUrca) process (p+ e− −→
n + νe, n −→ p + e− + ν¯e) may happen in super-
strong magnetic fields.
In the current model of neutron stars, there are
95% neutrons, 5% protons and the number of elec-
trons are equal to the number of protons so as to
maintain charge neutrality. The DUrca process
is forbidden in the β equilibrium neutron star in-
terior. This is because the conservation of energy
and momentum cannot be simultaneously satisfied
unless the fraction of protons is more than 9% (It
is might be possible in the inner core of neutron
stars, but it is most believed that the material in
the inner core is really made by quarks) (Shapiro
et al. 1983; Page et al. 2006).
However, it is totally different in the presence
of super-strong magnetic field. Really the Fermi
energy of the relativistic degenerate electron gas
in the neutron star interiors increases with the
magnetic field in the super-strong magnetic field
B > Bcr (Peng et al. 2016b). The Fermi energy
of the electrons is apparently exceed the Fermi
energy of the neutrons of the non-relativistic de-
generate neutron gas. Therefore the current ab-
stinence rule above is broken in the superstrong
magnetic field.
We note that the DUrca process in strong
magnetic field had been discussed in detail
by Ruderman et al. (1998). In the abstract
of their paper, however, they declared that
in the case of superstrong magnetic fields,
such that e and p populate only the lowest
Landau levels is briefly outlined. Their idea
is not suitable for neutron star research ev-
idently. The reason is following: Their idea
is just suitable for the Boltzmann’s classi-
cal gas really. But in the neutron stars, the
highly degenerate quantum charged Fermi
gas (e.g. e and p) in the superstrong mag-
netic fields, the filling of e and p is totally
different with ones for the Boltzmann ’s
classical gas due to both the Pauli exclusion
principle and the number of the electrons
in a unit volume is finite (See the Fig.1 and
Fig.2 of Peng et al. (2016b)). Besides, It
is showed that the largest magnetic field of
magnetars is about 3 × 1015 G (Peng et al.
2016a), which is really a magnetic domain
of the 3P2 neutron anisotropic superfluid
under Curie temperature. The case with
higher magnetic fields (≥ 1018G) in the pa-
per by Ruderman et al. (1998) is only an as-
sumption without physical reason. There-
fore, we discuss it further according to our
own idea regardless of their work.
From this it can be concluded that the DUrca
process is allowed in the presence of super strong
magnetic fields. The DUrca process necessarily
leads to the following two important consequences.
(1) The DUrca process can supply the most effec-
tive cooling mechanism to the young pulsars. (2)
In addition, the DUrca process can also supply
the effective cooling mechanism to the anisotropic
3P2 superfluid region in neutron star interiors in
super-strong magnetic fields.
For magnetic fields not very strong we have
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proposed a pulsar heating mechanism, magnetic
dipole radiation emitted by the magnetic, mo-
ments of the Cooper pairs with parallel spins in
the anisotropic 3P2 superfluid vortex motion in
neutron stars (Huang et al. 1982; Peng et al 1980).
In this paper, we will generalize the heating mech-
anism mentioned to the case of super strong mag-
netic fields. We also combine the generalized heat-
ing mechanism (in super-strong magnetic fields)
with effective cooling mechanism in super-strong
magnetic fields (i.e., the DURCA process) to in-
vestigate the phase oscillation between phase A
and phase B in the anisotropic 3P2 superfluid sim-
ilar to the phase A and phase B in the liquid 3He
superfluid. It is expected that this phase oscil-
lation may be the desired mechanism to explain
pulsar glitch. This is a theoretical basis of this
paper.
3.2. The cooling and heating problem in
neutron star interiors
3.2.1. The Cooling mechanism in neutron star
interiors
The cooling problem in neutron star interiors
is an important and difficult problem in the last
fifty years. Neutron stars are lorn as the rem-
nant of supernova explosion. initial temperature
of the nascent neutron stars is roughly 1011 K.
But the observed surface temperature of young
pulsars is roughly only 106 K. For example the
Crab nebula pulron (PSR0531) is the remnant of
the supernova explosion during 1054 with surface
temperature less than 106K. What is the cooling
mechanism that cooled the nascent neutron star
very rapidly in less than a thousand year. The
general relativistic effect of gravitational radia-
tion can be effective only in the initial fear hours.
This effect can cool the neutron star by at most
two orders of magnitude. In the two decades be-
tween 1970 and 1990, it is hoped that the so called
π−condensation in nuclear physics may be effec-
tive to cool the nascent neutron star. However,
the π−condensation has never been discovered in
nuclear physics experiment. Thus, the theoretical
assumption of the π−condensation is unreliable.
On the other hand, if the direct Urca process is
possible in neutron stars, it is a very effective cool-
ing mechanism because energy is very rapidly car-
ried away by the emitted (νe, ν¯e) pairs. Thus, it is
still generally expected that the possible DUrca in
neutron stars is the effective cooling mechanism.
The neutron energy loss rate (cooling rate) in the
DUrca process is
εDUrcaν ≡ EDUrcaν = 1021ℜT 68 ergs cm−3 s−1,
(8)
where ℜ is the superfluid suppress factor. For
T ≪ Tcr, ℜ ∼ (T/Tcr)2, otherwise ℜ ∼ (T/Tcr).
This superfluid suppress factor is not the usual
Boltzmann suppress factor e−(T/Tcr). ℜ ≈ (0.1 ∼
0.2) for T8 = 1.0, and ℜ ≈ (0.01 ∼ 0.05) for
T8 = 0.2. As we noted before that the di-
rect Urca (DUrca) process is forbidden in nor-
mal neutron stars because conservation of energy
and momentum cannot be simultaneously satisfied
(Shapiro et al. 1983). The neutrino emission rate
(cooling rate) of the modified Urca process with
the suppress factor due to the neutron superfluid
(n+ p+ e− −→ n+ n+ νe, or MUrca process) is
EMUrcaν = 7.4×1012(
ρ
ρnuc
)2/3T 88 e
−T∗/T ergs cm−3 s−1,
(9)
where T ∗ = ∆(3P2)/2k ≈ 2.8× 108K.
This is a high order weak interaction of six
particles so it is a much less effective process
than the direct Urca process as a cooling mech-
anism. Another important cooling mechanism is
the so-called PBF (pain breaking and formation)
neutrino emission mechanism. When the tem-
perature of the neutron star reaches the transi-
tion temperature so that normal neutrons trans-
form to superfluid neutrons (i.e., the two free neu-
trons with adverse direction at the surface of the
Fermi sphere form Cooper pairs), the weak neu-
tral current leads to the emission of neutrino pairs
n+ n −→ [n, n] + νν¯. Thermal agitation or other
heating mechanism can supply energy to break the
Cooper pairs . This cyclic process may then lead
to neutron star cooling. The neutrino energy emis-
sion rate (i.e., the cooling rate) is
EPBFν = APBFT
7
8 ergs cm
−3 s−1, (10)
where APBF = 10
15. This process can happen
only during the phase transition from normal neu-
trons to superfluid neutrons. For superfluid with-
out normal neutrons (for temperatures obviously
lower than the phase transition temperature) this
PBF cooling mechanism is ineffective.
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The most difficult problem to overcome in the
cooling of neutron star interior is whether or not
the direct Urca process is possible. It is impossi-
ble in the current theory. This is because the core
region of neutron stars is in a quark state and
outside the core the proton component is about
5%. According to the current theory the direct
Urce process is impossible to occur. However, this
taboo is broken by our recent paper in 2016 (Peng
et al. 2016b). We pointed out that in the presence
of super-strong magnetic fields of 1015 Gauss of
the anisotropic superfluid 3P2 state in the young
pulsars (and especially magnetars B > Bcr), the
direct Urca process is possible. This is because the
Fermi energy of the electron gas increases with the
magnetic field strength in the presence of super-
strong magnetic fields in magnetars (see Eq.(7)).
The Fermi energy of the relativistic degenerate
electron gas exceeds the Fermi energy (about 60
MeV) of non-relativistic degenerate neutron gas.
Thus, the protons near the non-relativistic degen-
erate proton Fermi surface may join the electrons
near the relativistic degenerate electron Fermi sur-
face to form neutrons p+ e− → n+ νe; the energy
of the emitted neutrons exceed the Fermi energy of
the non-relativistic degenerate neutron gas. The
emitted high energy neutrons may emit electrons
via beta decay n → p + e− + ν¯e. In this way the
direct Urca process is possible.
The direct Urca process may then lead two im-
portant effects. Firstly, it can provide an effective
quick cooling mechanism for the young pulsars.
Secondly, the direct Urca process may lead to ef-
fective cooling in the neutron anisotropic super-
fluid region. In addition, we have also proposed
that the heating mechanism due to the magnetic
dipole radiation of the magnetic moments of the
anisotropic 3P2 superfluid vortex motion is very ef-
fective (Huang et al. 1982; Peng et al 1980). The
combined effects of the cooling mechanism and
heating mechanism in the anisotropic 3P2 neutron
superfluid may then lead to the phase oscillation
between phase A and phase B in neutron stars sim-
ilar to the phase A and phase B in liquid superfluid
3He. This phase oscillation can naturally explain
pulsar glitch. Due to the cooling rate of the DUrca
process exceeds the cooling rates of both modified
Urca process and the PBF process and the cooling
rates of both the MUrca and the PBF process can
be neglected.
Here we would like to point out that
the magnetic field in the region of the
anisotropic neutron superfluid 3P2 state will
arrive at above 1015 G. The reason is as
follows: The observed magnetic field on
the polar region of young pulsars are about
(2 − 5) × 1012 G usually. The anisotropic
neutron superfluid 3P2 state is about in the
region 2Km< r(3P2) <5Km . Due to dipole
magnetic fields decrease with B(r) ∝ r−3, we
may suppose that the strength of the mag-
netic field in the region of the anisotropic
neutron superfluid 3P2 state will arrive at
above 1015 G. Therefore we may take the
DUrca process as the effective cooling in
the neutron anisotropic superfluid region.
3.2.2. The heating mechanism in neutron star
interiors
We have proposed that the heating mech-
anism due to the magnetic dipole radiation
of the magnetic moments of the anisotropic
3P2 superfluid vortex motion is very ef-
fective (Huang et al. 1982; Peng et al
1980). The combined effects of the cool-
ing mechanism and heating mechanism in
the anisotropic 3P2 neutron superbluid may
then lead to the phase oscillation between
phase A and phase B in neutron stars sim-
ilar to the phase A and phase B in liquid
superbluid 3He. This phase oscillation can
naturally explain pulsar glitch.
We reinvestigted and improved our early model
above (Huang et al. 1982; Peng et al 1980). The
magnetic dipole radiation of the anisotropic neu-
tron superfluid in neutron stars is recalculated.
We now elaborate in more detail this heating
mechanism. The magnetic moments of the Cooper
pains in the anisotropic 3P2 neutron superfluid will
produce magnetic dipole radiation as the Cooper
pairs rotate around the axis of the superfluid vor-
tex. In the strong external magnetic field, the
number of the 3P2 Cooper pairs with magnetic mo-
ments anti-parallel to the external magnetic field
is more than the number of the 3P2 Cooper pairs
with magnetic moments parallel to the external
magnetic field. This leads to the parallel magnetic
moments as the temperature is lowered. In partic-
ular, magnetic moments are strengthened at low
temperatures. These superfluid vortex neutrons
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rotate with high angular velocity around the su-
perfluid axis. the closer the neutrons from the vor-
tex axis the larger the angular velocity (inversely
proportional to the square of the distance from the
vortex axis, the highest angular velocity may reach
above 1020s−1). We note that the magnetic dipole
radiation from the magnetic moments of the 3P2
Cooper pairs is operating via the Ekman pump
cycle (Huang et al. 1982). This would lead to the
motion of the normal neutrons toward the deep
interior in neutron stars. The thermal X-ray pho-
tons due to the magnetic dipole radiation from the
magnetic moments of the 3P2 Cooper pairs are
quickly absorbed by matter because of the high
opacity in the stellar interior and then become a
heating mechanism.
In our previous work (Huang et al. 1982; Peng
et al 1980), we actually discussed only the case for
magnetic fields not very strong and at relatively
high temperatures. We are now considering su-
perstrong magnetic fields (B > Bcr). In this case
the anomalous moments of the anisotropic 3P2 su-
perfluid neutron Cooper pairs tend spontaneously
to become anti-parallel to external magnetic field
(and thermal agitation tend to make the direc-
tion of the magnetic moments chaotic). This is
similar to the magnetic moments of the tries elec-
tion in metals tend to become the Pauli paramag-
netism and can produce induction magnetic mo-
ments. The total induction magnetic moments of
the 3P2 neutron superfluid is (Peng et al. 2016a)
µtotpair(
3P2) = µnqNAm(
3P2)f(µnB/kT ), (11)
The average effective magnetic moment of each
neutron Cooper pain in 3P2 neutron superfluid is
µ¯effn = µnqNAf(µnB/kT ), (12)
q = 3(
∆(3P2(n))
EF(n)
)1/2 ≈ 8.7%, (13)
Where q is the fraction of the neutrons that com-
bined into the 3P2 Cooper pairs. ∆(
3P2(n)) is the
energy gap of the superfluid. f(µnB/kT ) is the
Brillouin function.
f(x) =
2 sinh(2x)
1 + 2 cosh(2x)
, (14)
when x≪ 1, f(x) ≈ 4x/3, otherwise, f(x)→ 1.
When the magnetic moment of the Cooper pair
rotate around the axis with angular velocity, the
power emitted by magnetic dipole radiation is
w(n) =
2ω4
3c2
µ¯2eff sin
2 α, (15)
where α is the angle between the direction of the
magnetic moment and the direction of the axis of
rotation.
The axis of every superfluid vortex is parallel to
the axis of rotation of the neutron star , and the
length of the vortex can be approximately attained
as the radius RP of the
3P2 superfluid region. The
angular velocity of the 3P2 Cooper pair at the dis-
tance r from the axis is ω(r), and the wavelength
of the emitted magnetic dipole radiation from the
magnetic moment is λ(r) = 2c/ω(r). Consider
now a series of cylindrical region along the vor-
tex axis with height ηλ(r) (η ≈ 1%) and radius
r → r + dr. The Cooper paint rotate around the
superfluid vortex axis with the angular velocity
ω(r) = nh/4πmnr
2. The magnetic dipole radia-
tion emitted by these Cooper paint all has wave-
length λ(r). The phases of the magnetic dipole
cyclotron radiation emitted by the rotating mag-
netic moments of the 3P2 neutron Cooper pairs
around the vortex filament axis are very close in
this small cylinder. Therefore, the amplitudes of
these radiation are added. The magnetic dipole
cyclotron radiation intensity is proportional to the
square of the number of Cooper paint in this re-
gion, i.e., these electromagnetic radiations are in-
terfering with each other. The power of the mag-
netic dipole radiation emitted by the neutron su-
perfluid in these interfering region is
W (n) =
2ω4
3c2
M2∆V sin
2 α, (16)
where M∆V denotes the total magnetic moment
in ∆V
M∆V = dN∆Vµ¯
eff
n , (17)
dN∆V =
ρn(r)
mn
ηλs(r)2πrdr, (18)
λs(r) =
2πc
ωs(r)
=
4πcmnr
2
n~
(r > a0), (19)
where dN∆V are the number of neutron in ∆V,
and λs(r) is the magnetic dipole radiation pho-
ton wavelengths from the vortex motion of 3P2
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neutron superfluid. a0 is the core radius of the
3P2 superfluid vortex with normal neutrons, a0 ∼
(10− 100)fm.
The radiation power of one 3P2 superfluid vor-
tex is
W s1 =
∫ b
a0
∫ b
a0
Rp sin
2 α
ηλs(r)
2ω4
s
3c2 [µ¯
eff
n ]
2 × δ(ωs − n~2mnr2 )dN2∆V
= A
∫ b/a0
1
∫ b/a0
1 ω
3(r
′
)r
′2δ(ω − r′−2)(dr′ )2, (20)
where
A = 2pi
3
3c2 (
n~
mn
)3( ρnmn )
2 ×Rpηa−20 [µnqf(µnB/kT )]2sin2 α
= 1024( n¯
3
103 )
η
0.01 (
a0
10fm)
−2( sin
2 α
0.1 )
×Rp,5[f(µnB/kT )]2 ergs s−1, (21)
where Rp,5 ≡ R(3P2)/(1Km). Making use of
Eq.(6), the total power of the emitted magnetic
dipole radiation from all the 3P2 anisotropic su-
perfluid vortex is given by
W =
1
3
NVertice = AR
2
p
mnΩ
n¯~
(
sin2 α
0.1
)
= 2.0× 1039R3p,5(
n3
102n
)
η
0.01
(
a0
10fm
)−2
×(PSF(
3P2)
1ms
)−1[f(µnB/kT )]
2 ergs s−1. (22)
The heating rate (i. e., the radiation power per
unit volume) due to the magnetic dipole radiation
from the 3P2 neutron superfluid vortex in neutron
star is
ε ≈ 2.0× 1024( n
2
103n
)
η
0.01
(
a0
10fm
)−2(
sin2 α
0.1
)
×(PSF(
3P2)
1ms
)−1[f(µnB/kT )]
2 ergs cm−3 s−1, (23)
The heating power of the dipole radiation from
the 3P2 neutron superfluid vortex in phase B, with
µnB/kT ≫ 1 is (3P2MDRA )
ε(B) ≈ 2.0× 1024( n
2
103n
)
η
0.01
(
a0
10fm
)−2(
sin2 α
0.1
)
×(PSF(
3P2)
1ms
)−1 ergs cm−3 s−1, (24)
The heating rate for phase A with µnB/kT ≪ 1
is the same as our results (3P2MDRA) in 1982
(e.g., Huang et al. (1982))
ε(A) ≈ 2.0× 1018( n
2
103n
)
η
0.01
(
a0
10fm
)−2(
sin2 α
0.1
)
×(PSF(
3P2)
1ms
)−1(
B12
T8
)2 ergs cm−3 s−1, (25)
where B12 = B/10
12Gauss, T8 = T/10
8K.
When we compare Eq.(24) and Eq.(25) with
Eq.(8) for the cooling mechanism DUrca, we ob-
tain
ε(B) ≫ ε(DUrca) ≫ ε(A). (26)
4. Our model and the properties pulsar
glitch
In 2006, we proposed a phase oscillation model
between normal neutron fluid and 3P2 neutron
superfluid vortex state (Peng et al. 2006) to ex-
plain the sudden change of pulsar periods (Glitch)
which is a difficult puzzle in pulsar physics. Al-
though this model can be used to explain the
grand glitches of very young pulsars but because
there are too many undetermined free parameters
in the model, the important physical quantities
and time scales are very difficult to estimate, thus,
these are the serious defect of the model.
The main objective is to extend our 2006 model
to a new model that can explain the more general
aspect of the observed pulsar glitch phenomena on
the basis of Eq. (26). We propose a new oscillation
model between phase A and phase B to reinterpret
the pulsar glitch phenomena
4.1. The phase oscillation of the anisotropic
3P2 neutron superfluid in neutron
stars
When the temperature in neutron stars in low-
ered to below the Curie temperature (µnB/kT ≫
1), the majority of the 3P2 neutron Cooper pairs
tend spontaneously to orient against the external
magnetic field (It is noted that the neutrons and
3P2 neutron Cooper pairs have abnormal magnetic
moments). This phase B, 3P2 neutron superfluid
state has very strong magnetic field and the effec-
tive magnetic moments of the 3P2 neutron Cooper
pairs are rather strong. The magnetic moment
of Cooper pairs will generate very strong mag-
net dipole radiation with the heating rate εB (see
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Fig. 1.— The observed (P − P˙ ) diagram of pulsars with period longer than P > 1.25 s (ATNF Pulsar
Catalogue, 2016) http://www.atnf.csiro.au/research/pulsar/psrcat/.
12
 Fig. 2.— The relationship between Glitch amplitude and the stationary time interval for the young pulsar
PSR J0537-6910. The time bounds drawn for the points are equal (up and down) and each is a quarter of
the sum of two time intervals bounding the data segment. The slope of the dashed line fitted to the points
and through the origin is 6.4394 days µHz−1, or 399.37 days ppm−1(Middleditch et al. 2006).
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Eq.(24)) as the 3P2 Cooper pairs rotate around the
superfluid vortex axis. As we noted before, this is
an effective heating mechanism in neutron stars.
When the heating rates of this mechanism exceeds
the cooling rates of the possible cooling mecha-
nism exist in neutron stars (such as the DUrca pro-
cess), the temperature in neutron stars would rise
very quickly, the resulting thermal agitation would
destroy the orderly arrangement of the magnetic
moments of the 3P2 neutron Cooper pairs. Once
the temperature rises to µnB/kT ≪ 1, the mag-
netic moments of the 3P2 Cooper pairs become
completely chaotic, the 3P2 superfluid then trans-
forms back phase A (ESP state, i.e., equal prob-
ability state). When the 3P2 neutron superfluid
transforms to phase A, the strong induced mag-
netic moments of phase B would also disappear.
For 3P2 neutron superfluid in phase A, the effec-
tive magnetic moment of the 3P2 Cooper pairs are
very weak, and the resulting magnetic dipole radi-
ation emitted by these 3P2 Cooper pairs are also
very weak (see εA from Eq.(25)). From Eq.(26),
it can be seen that the heating rate of this heat-
ing mechanism in the phase A is far less than
the cooling rate of the cooling process in neutron
stars (mainly the DUrca process). The tempera-
ture in neutron stars would gradually be lowered.
When the thermal energy kT is lowered to below
the energy of the magnetic moments of the 3P2
Cooper pairs (µnB/kT ≫ 1), then, the magnetic
moments of the 3P2 Cooper pairs once again to
spontaneously arrange themselves anti-parallel to
the external magnetic field, and phase B is recov-
ered. According to Eq.(26), the resulting magnetic
dipole radiation is very strong. The heating rate
or this heating mechanism is much higher than the
cooling rate of the DUrca process. This is the for-
mation of the phase oscillation between phase A
and phase B in the 3P2 neutron superfluids.
During this heating process with the heating
rate εB, the thermal energy supplied from the
3P2MDRA would perturb the arrangement of the
direction of the magnetic moments of the 3P2
Cooper pairs, and making them chaotic. Be-
sides, the thermal agitation due to the 3P2MDRA
causes some parts (denoted by ζ) of the 3P2 neu-
tron Cooper pairs to break. Every broken 3P2
Cooper pairs release two normal neutrons. When
the number of such released normal neutrons in-
creases to certain extent, the slowly rotating crust
will be driven by the much more fast rotation of
the core 3P2 superfluid due to the strong coupling
(by the nuclear force) of such normal neutrons
with normal protons in the anisotropic superfluid
region. It is mentioned in Section 1.2 that the
neutron superfluid vortices may not coexist with
the proton super-conducting state (Link 2003) and
through electromagnetic coupling of protons in the
3P2 superfluid core with electrons in the crust of
the neutron star. We know that the electromag-
netic interaction is an interaction through long
distance. This process thus generates the pulses
glitch. Once the 3P2 superfluid in phase B trans-
forms to phase A, the heating mechanism disap-
pears. The cooling mechanism then quickly cause
the neutron superfluid to deviate from the ESP
state once more and phase B is recovered from
phase A. The induction magnetic moment of the
3P2 neutron superfluid reappears again and gen-
erating very strong induction magnetic fields.
4.2. Pulsar Glitch generated by phase os-
cillation of the 3P2 neutrons super-
fluid phase A and phase B
4.2.1. Phase oscillation of the 3P2 neutrons su-
perfluid phase A and phase B
The temperature of the 3P2 neutron superfluid
is conspicuously lower than the phase transition
temperature (Tcr = 2.8 × 108K). When the 3P2
neutron superfluid is in phase B, there are no
normal neutrons except in the region of the su-
perfluid vortex core. During the phase transi-
tion from phase B to phase A, it is mainly the
competing processes between the cooling mecha-
nism of the DUrca processes for neutrino emis-
sion and the heating mechanism due to the mag-
netic dipole radiation from the 3P2 neutron super-
fluid vortex motion. Since the heating rate due
to the 3P2MDRA from the magnetic moments of
the 3P2 neutron cooper pairs of phase B is much
more than the cooling rate by the DUrca process
(ε(B) ≫ ε(DUrca)), thermal energy is supplied to
the system. This causes the directions of the mag-
netic moments of the 3P2 neutron Cooper pairs to
gradually become completely chaotic and recover
phase A. This period of time is the heating time
scale.
For the phase oscillation between phase A and
phase B , once the 3P2 neutron superfluid phase
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B transformed into phase A, the original strong
heating rate (ε(B)) of phase B ( B-3P2MDRA) be-
comes very weak (ε(A)) of phase A (A-3P2MDRA),
the DUcar cooling mechanism dominates and the
3P2 neutron superfluid deviates again from the
ESP state after a period of the cooling time scale.
The 3P2 neutron superfluid phase A transformed
to phase B again. The 3P2 neutron superfluid
again induce magnetic moments and generate cor-
responding induction magnetic fields. This is the
oscillation between phase A and phase B.
4.2.2. The release of normal neutron
As we mentioned before, the thermal agita-
tion due to the 3P2MDRA causes some parts (ζ)
of the 3P2 neutron Cooper pairs to break dur-
ing the heating period. That means during the
heating period some nasal neutrons frozen in the
Cooper pairs with fraction ζ are released to be-
come normal neutrons during the heating period.
In other words, at the same time as the 3P2 neu-
tron superfluity transformed back to phase A,
there are ζN(3P2) neutron Cooper pairs are bro-
ken to become normal neutrons (total numbers are
2ζN(3P2)). The fraction of the normal neutrons
released is ζq (where the ratio of the number of
neutrons in all the Cooper pairs to the total num-
ber of neutrons is q).
4.2.3. The appearance of glitch
Although the type II superconducting
protons (with magnetic tubes) might ap-
pear (Haskell et al. 2017), but based on
the arguments of Link (2003) that neutron
superfluous vortex region may be no co-
exist with the type II superconducting re-
gion, we may regard that the protons are
normal Fermi fluids in the neutron super-
fluid vortex region. The protons are tightly
coupled to the elections in neutron star interiors
via coulomb interaction and they are rotation with
the observed pulsar angular velocity (Ω = 2π/P )
around the axis of rotation of the neutron stars.
The strongly interacting protons with the elections
are basically decoupled from the neutron super-
fluid vortex region in neutron stars. The protons
can only interact with the small amount of nor-
mal neutrons in the neutron superfluid vortex core
via nuclear interaction, while the election can only
interact via the very weak electron magnetic mo-
ment interactions.
But the number, ζq, of the normal neutrons re-
leased from the broken neutron superfluid Cooper
pairs due to heating process can strongly coupled
to the normal protons via strong nuclear interac-
tion. This strong coupling can cause the fast ro-
tation of the neutron superfluid core to drive the
slowly rotating outer crust, such that the rotation
of the whole magnetosphere including the outer
crust to suddenly rotate much faster, leading to
the appearance of glitch. In other words, glitch
is the result of the sudden increase of rotation ve-
locity of the slowly rotating outer crust driven by
the fast rotation of the neutron superfluid core.
There are suddenly changes during glitch. For in-
stance, pulsar periods are suddenly changed. The
angular momentum are transported to the outer
crust. The neutron superfluid phase B immedi-
ately transformed to phase A. Besides, the super-
fluity vertex quantum number n is apparently low-
ered.
4.2.4. The time interval between successive glitches
and cooling time scale
Once 3P2 neutron superfluid recover the ESP
state (the directions of the magnetic moments are
chaotic) the induction magnetic moments of phase
B would disappear. Phase B transformed to phase
A in the heating time scale theat. The strong heat-
ing rate (ε(B)) of phase B, 3P2MDRA transformed
to the very weak heating rate (ε(A)) of phase A,
3P2MDRA and then the direct Urca process dom-
inates the cooling process (Eq.(26)). Some of the
normal neutrons, ζN(3P2) released by the broken
Cooper pairs due to heating are transformed back
to neutron Cooper pairs again. In the presence
of superstrong magnetic fields, the magnetic mo-
ments spin of some of the Cooper pairs tend to
spontaneously parallel to the external magnetic
field and deviate from the random ESP state. The
system tends again to the phase B at statistical
equilibrium. In other words, the ESP state of
the 3P2 neutron superfluid in phase A completely
transform to state phase B (that deviates com-
pletely from the ESP state). Consequently, the
time interval between successive glitches is about
heating time scale plus cooling time scale .
As we mentioned before, the normal neutrons
from the broken neutron Cooper pairs due to heat-
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ing may recover to become the superfluid neutron
Cooper pairs again through the DUrca neutrino
emission processes. This leads to the decoupling
of the neutron superfluid interior from the outer
crust again. The time required for decoupling is
determined by the cooling time scale.
4.2.5. Repeated glitches of young pulsars 3P2NSV
phase A and phase B repeated oscillations
When the superfluid transformed from phase B
to phase A (the ESP state), the induced magnetic
moments become very weak as the state phase B
disappears (ε(B) ≫ ε(DUrca) ≫ ε(A)). The heat-
ing rate ε(A) of the 3P2MDRA is far lower than
the cooling rate of the DUrca, the temperature
of the 3P2 neutron superfluid is lowered. When
the temperature lowered to below the Curie com-
parative, the majority of the magnetic moments
of the 3P2 neutron Cooper pairs tend to spon-
taneously parallel magnetic moments reappear.
The system returns to phase B again. This is
of course just the phase oscillation between phase
and phase B. The phase oscillation just mentioned
may happen repeatedly many times and this is in-
deed the mechanism for repeated glitches (quasi-
periodicity). The time interval, ∆tpersist, for the
appearance of normal neutron fluids intermediate
between phase A and B denoted persist generally
very short and is very difficult to monitor. Ex-
act calculation of ∆tpersist is very complicate be-
cause the relevant physics invoiced. But the dura-
tion of ∆tpersist is very important for the conser-
vation of different pulsars. We may consider that
∆tpersist ≈ theat(the heating time scale).
4.2.6. The disappearance of pulsar glitch
After repeated glitches the superfluous vortex
quantum number is gradually lowered and the
heating rate of the 3P2MDRA also gradually low-
ered (see the Eq.(24)). The time interval between
successive glitches becomes gradually longer and
the amplitude tends to decrease. There is no def-
inite relationship between the amplitude and the
time interval of the glitches by some unknown ran-
dom chance. Once the heating rate ε(B) is lowered
to felon the cooling rate ε(DUrca) of neutron stars,
the neutron 3P2 Cooper pairs can no longer be bro-
ken and then the 3P2 neutron superfluity can no
longer recover the normal neutron fluid state men-
tioned before the phase oscillation between phase
A and phase B is immediately stopped. This leads
to the disappearance of the glitches of the old pul-
sars. factually, the observation evidence indicates
that no glitch was observed for pulsars with peri-
ods P > 0.7s (Lyne et al. 2000). The prediction
of the our model is consistent with observation.
4.3. The estimates of the relevant time
scales
4.3.1. Heating time scale and duration time scale
of glitch
During the heating process, the origin orderly
arrangement of the magnetic moments of the 3P2
neutron Cooper pairs becomes completely random
due to the 3P2 neutron Cooper pairs with the frac-
tion ζ absorbed the heat energy which is supplied
by ε(B) of the 3P2MDRA from phase B. This heat
energy is very much larger than the cooling rate
ε(DUrca) of neutron stars. The heat energy re-
quired during the heating process is
Q = ζ ·∆N∓ · 2µnB, (27)
where ∆N∓ is The difference of the number den-
sity of 3P2 neutron Cooper pairs with paramag-
netic and diamagnetic moment (Peng et al. 2016a)
∆N∓ = n(
3P2−pair)f(µnB/kT ) = (q/2)NAf(µnB/kT ).
(28)
Thus we have
Q = ζqNAµnBm(
3P2) ≈ 4.0×1038( ζ
10−8
)(
m(3P2)
0.1M⊙
)B15 ergs
(29)
t(heat) =
Q
(4π/3)R3P ε
(B)
≈ 0.2( n
3
102n
)(
ζ
10−8
)(
sin2 α
0.1
)(
PSF(
3P2)
1ms
)−1
×(m(
3P2)
0.1M⊙
)B15 s, (30)
The heating time scale is also the characteristic
time scale for the growth of the number of normal
neutrons in the 3P2 neutron superfluous region. It
is also the duration time scale of the glitch
∆tpersist ≈ t(heat) ≈ 0.2( n3102n )( ζ10−8 )( sin
2 α
0.1 )(
PSF(
3P2)
1ms )
−1
×(m(3P2)0.1M⊙ )B15 s, (31)
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For young pulsars, the superfluous vortex quantify
number is still very high, and n3/n≫ (102−104).
Thus, ∆tpersist is very small and then it is difficult
to discover.
4.3.2. The cooling time scale of glitch
During the glitch , the phase B of the 3P2 neu-
tron superfluity immediately transformed to phase
A. The heating rate ε(A) is much lower than the
cooling rate of the direct Urea process. During
the periled of the phase transition from phase B
to phase A, only a fraction ζ of the 3P2 neutron
Cooper pairs are broken to become normal neu-
trons. Therefore, during the cooling process, all
the normal neutrons can form 3P2 cooper pairs
again, the neutron superfluous recourse phase B
again. The time scale required for thin transfor-
mation is the cooling time scale, which can he es-
timated as follows:
The total energy released by the broken frac-
tion ζ of the 3P2 neutron Cooper pairs to become
normal is Q
′
= ζqNA∆3P2 ·m(3P2). This energy is
lost at the cooling rate ε
(Urca)
ν . The cooling time
scale is then
tcool =
Q
′
(4π/3)R3P ε
(DUrca)
≈ 4.6× 106( ℜ
0.01
)(
ζ
10−8
)(
Rp
5Km
)3(
m(3P2)
0.01
) s,
(32)
Since theat ≪ tcool, ∆tinterval = theat+tcool ≈ tcool.
The time interval between successive glitches is
same as Eq.(32), and the time scale is about a
month.
4.3.3. The amplitude of glitch (∆Ω/Ω) and the
correlation of the glitch duration with am-
plitude
The angular momentum of neutron star crust
is Jcrust = IcrustΩ, and the angular momentum of
the superfluid core of the neutron star is Jcore =
IcoreΩcore. The change of the core angular mo-
mentum during glitch is not only proportional to
the angular momentum of the neutron star super-
fluous core and the number of normal neutrons
in the superfluity core ζqNAm(
3P2), but also pro-
portional to the heating rate (ε
(B)
ν (R(3P2))
3) of
3P2MDRA heating process of phase B, where the
factor ε
(B)
ν (R(3P2))
3 represents the efficiency of
the glitch and ε
(B)
ν is given by Eq.(24). The change
of the pulsar angular frequency is then propor-
tional to the following factors,
∆Ω
Ω
∝ Icore
Icrust
·Ωcore
Ω
ζqm(3P2)ε
(B)
ν (R(
3P2))
3. (33)
It follows that for old pulsars, n3/n transpar-
ently decrease in amplitude, the period PSF(
3P2)
grows very rapidly and ε
(B)
ν also decreases conspir-
acy. Thus, the amplitude of the glitch also appar-
ently decrease . From Eqs.(24, 33), we obtain
∆Ω
Ω
∝ Icore
Icrust
· Ωcore
Ω
[
n3
102n
](
PSF(
3P2)
1ms
)−1, (34)
For the same young pulsar, comparing the
Eq.(32), we may find an important statistical for-
mula concerning the glitch amplitude ∆Ω/Ω and
the time interval between successive glitches that
can be motored
∆Ω
Ω
∝ Icore
Icrust
·Ωcore
Ω
[
n3
102n
](
PSF(
3P2)
1ms
)−1×∆tinterval,
(35)
This statistical relation (see Fig.2) is actually
consistent with the radio pulsar period of the
young pulsar PSR J0537-6910 (LMC) in Magel-
lanic clouds observed after a long period of 10
years monitoring (Middleditch et al. 2006). This
is the strong sensational support to our theory.
We get the Eq.(35) to explain the ob-
servational phenomena. Dr. Wang (He
is the second author of the paper (Mid-
dleditch et al. 2006)) claim to me that the
observational data of monitoring of pulsar
PSR J0573-6910 are the most complete for
the pulsar glitches. our model may explain
this phenomena that the pulsar PSR J0573-
6910 has glitches with amplitude change
roughly proportional to the time separa-
tion between two successive. As to most
pulsars with glitches, the question whether
they have the similar rule is still open due to
the monitoring data of the glitches of most
pulsars.
4.3.4. Slow glitch phenomena
According to Eq.(31) the duration time scale
for glitch, we know that for older pulsars, n3/n ≈
17
(1 − 10), their superfluid vortex quantum num-
bers decrease very fast. As n3/n decreases and
PSF(
3P2) → 0.1s, duration time scale ∆tpersist
may be as long as (104 − 106)s (possibility longer
than some days). This may correspond to slow
glitch phenomena. Thus, slow glitch is a natural
result by our theory. It is also an important ob-
servational evidence in favor of our theory.
5. Discussions and conclussions
Based on the recent works on the magnetars
(Peng et al. 2016a,b)and on magnetic dipole ra-
diation from the 3P2 neutron superfluid vortices
(3P2MDRA) in neutron stars (Peng et al. 1982).
we propose a new model of Glitch for young pul-
sars by oscillation between B and A phase of 3P2
neutron superfluid. The main ideas are given fol-
lowing:
1) On the direct Urca (DUrca) process:
For the young neutron stars, the magnetic field
may be ultra strong (B ≫ Bcr = 4.4×1013Gauss).
The DUrca process of the neutron star cooling
may happen in the ultra strong magnetic field, al-
though it is prohibited in the neutron stars with
weaker magnetic field (B ≪ Bcr). This result is
derived in our paper, which is due to the Fermi en-
ergy of the electrons increasing with the magnetic
field (EF(e) ∝ (B/Bcr)1/4) (Peng et al. 2016a).
2) A-B Phase oscillation of the 3P2 neutron su-
perfluid:
When the 3P2 neutron superfluid is in the B
-phase in the ultra magnetic field, the heating
rate by (3P2MDRA ) is far more than the cool-
ing rate by the DUrca process. By the heating
process, the ordered magnetic moments with the
direction of the magnetic field are gradually trans-
formed into fully chaotic ESP state (A phase, i.e.,
equal probability phase). Once the B phase of
the 3P2 neutron superfluid is translated into the
A phase, the 3P2MDRA heating mechanism be-
comes more weaker than the direct Urca cooling
process. The cooling rate will make the 3P2 neu-
tron superfluid again soon deviate from the ESP
state, the A phase is translated into to the B phase
again. 3P2 neutron superfluid again induced mag-
netic moment, resulting in the corresponding in-
duce magnetic field. This is just A-B Phase oscil-
lation.
3) Glitch mechanism:
During the heating process, some 3P2 neutron
Cooper pairs (the fraction is ζ, and ζ ≪ 1) are
also disintegrated by heating process and they will
be broken up into normal neutrons at the same
time. That is, when the 3P2 neutron superfluid
is translating towards The A phase, the fraction
ζ of 3P2 Cooper pairs are split into the normal
neutrons simultaneously. The total number of be-
ing disintegrated 3P2 neutron Cooper pairs is ζN
(3P2). For the total number of the normal neu-
trons, the fraction of them is about ζq(q ≈ 0.087).
When the normal neutron component is accumu-
lated to some amount (for an example, the frac-
tion reaches at ζ ∼ 10−7), they are strongly cou-
pled with the normal protons by a nuclear force,
which are strongly coupled with the electrons in
the crust and the shell of the neutron star also
by the Coulomb interaction. Due to these strong
couplings, the slowly rotating crust (and the shell)
will be suddenly driven by the internal rapidly ro-
tating neutron superfluid. That is, the suddenly
strong couplings make the crust (and the shell)
suddenly rotating faster, or suddenly accelerat-
ing. This is just the Glitch. The Glitches are
a repeat phenomena with quasi period 3P2 neu-
tron superfluid B phase ⇒ A phase ⇒ B phase⇒
Many repeated Glitches with quasi-period. With
the repeating phase transition processes, the vor-
tex quantum number, n, of 3P2NSV is gradually
reduced, and the heating rate ε
(B)
ν is also getting
lower and lower. After a number of glitch, the
time intervals of successive Glitch will gradually
become long, and the amplitude of the Glitch is
downward. But there is no strict rule or follow-
ing the periodic or quasi periodic relation due to
some random factor. The heating rate ε
(B)
ν of the
old neutron star decrease lower and lower with de-
creasing of the vortex quantum number, n, and
with longing of the rotating period of the 3P2 su-
perfluid core. When the heating rate ε
(B)
ν of the
old neutron star becomes lower than the cooling
rate of the DUrca, the 3P2NSV state is no longer
returned to the normal neutron fluid state. The
phase oscillation of the system is stopped immedi-
ately. That means that old pulsars will no longer
present the glitch.
4) Comparing with observation: the observa-
tion for the pulsars with the period P > 0.7s,
and the glitch no has not been detected (Lyne
et al. 2000, 2004). With the pulsar period in-
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creasing, the amplitude of glitches decreases, and
with the magnetic field weakening, the amplitude
of glitches decreases. The slowing glitch phe-
nomenon for some older pulsars is a naturally
result in our theory. The relationship between
Glitch amplitude and the stationary time inter-
val (See the Fig.2, referenced from Middleditch et
al. (2006)) is naturally got by our theory.
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